Objective: Clinical observations and mathematical models show that dental implants are infl uenced by the magnitude of loading. Therefore, the knowledge of mandible movement during mastication is important to assess occlusal and masticatory force vectors. The purpose of this study was to detect the path of movement of the lower jaw and to distinguish stages of mastication, duration of bolus processing and peak amplitude of mastication.
INTRODUCTION
Mastication is a set of bite movements whereby nutrient is processed. The trajectory of these motions aff ects the direction and magnitude of masticatory force. This trajectory is markedly infl uenced by an individual's unique chewing habits 1 . Mastication consists of several repetitive movements. First, food is bitten. Next, a detached bolus is transported posteriorly towards the pharynx during the fi ne crushing. Then, the bolus is mixed with saliva and is fi nally swallowed 2, 3 . Throughout mastication, the lower jaw midline moves along an elliptically shaped curve 4 . The size and the shape of this curve vary depending on the bolus processing phase (chopping, grinding and swallowing) and bolus character (soft, hard, fi brous, etc.) 4, 5 . Masticatory movements during function are technically an example of a kinematically and mechanically indeterminate system. Jaw movements are produced via masticatory muscles. While these muscles are activated heterogeneously 6 , each muscle is able to infl uence more than one degree of freedom 7 . All muscles act together and generate a resultant force and torque (six degrees of freedom) with respect to the lower jaw 8 . The distribution of forces and torques necessary to perform any movement over diff erent parts of the masticatory process is not known. Consequently, the system is mechanically redundant.
The mandible and the skull are able to move with respect to each other and are guided by two temporomandibular joints. The mandibular condyle articulates with the articular fossa of the temporal bone in each joint. The articular capsule is slack (freely moveable). Owing to this construction both joints allow for movements with six degrees of freedom (rotation -detrusion (opening) and elevation (closing), lateral movements -laterotrusion, mediotrusion and translation -protrusion, retrusion). If joint surfaces are assumed to be immovable and maintain contact all the time, the mandible is still able to move with four degrees of freedom 9 . Jaw movements in particular anatomical directions can be defi ned by the three dimensional path of a point that is rigidly connected with the lower jaw. The movement of this point can be scanned and its path can be reconstructed by the motion analysis technique 10 . This pilot study was designed to detect the path of lower jaw movement during the mastication, to determine the duration of the processing of one bite depending on its character (hard and soft aliment), and to analyze the timing of the chewing. Knowledge of mandible movement during mastication is important in determining the principal anatomical direction during closing movements and the resultant direction of the loading during mastication. For these reasons the following hypotheses were tested:
I. The duration of hard bolus processing is longer than for soft bolus (Σt(H) > Σt(S)), II. The duration of each stage of hard bolus processing is longer than that for the soft bolus (t1(H) > t1(S), t2(H) > t2(S), t3(H) > t3(S)), III. The frequency of closing movements of hard bolus processing is greater than that for soft bolus (f(H) > f(S)), IV. The duration of bolus processing for men is longer than that for women -infl uence of gender, V. The duration of bolus processing is longer for older people -infl uence of age.
MATERIALS AND METHODS
Motion analysis 10 was used to assess three-dimensional (3D) mandible movements. Individual sensors were designed for each subject to trace mandible movements. Each sensor made of dental wire was rigidly attached to the lower front teeth of each subject using a dental silicon impression material. The middle of the sensor was situated over the lip, and the methylmethacrylate resin marker at the end of the sensor served as a mandible position-reading instrument (Fig. 1) . Additionally, black paper skin markers were placed on each subject's face above the eyebrows, on the nose dorsum and above the upper lip. These markers were used to defi ne the local coordinated system where the motion of the sensor was observed. The x, y, z coordinates (Fig. 2) represent mandibular movement in vestibulo-oral directions (laterotrusion, mediotrusion), cranio-caudal (closing, opening) and mesio-distal (protrusion, retrusion), respectively. The origin of the local (nonstationary) coordinated system was placed on the nose dorsum marker. Kinematical transformation relations between the primary (stationary) coordinated system and the local (nonstationary) coordinated systems were determined by means of a kinematical transformations matrix technique.
The motion of the markers and the sensor was mark scanned by three SONY DCR-TRV900E digital video camera recorders. Each recorder was placed such that all markers and the sensor were visible; the shutter was used for the synchronization. Recorders were calibrated using a uniquely constructed calibrating cage during the scanning. The synchronization of video records and the 3D motion reconstruction were performed by the direct linear transformation (2D video records read from 3 diff erent positions in real time give a 3D path of sensor placed on lower jaw 11 ). The raw trajectory result processing was performed by software APAS (Ariel Dynamics, Inc., SAN DIEGO, CA) system. Final results and kinematical transformations between coordinated systems were evaluated by software MATLAB (The MathWorks, Inc, Natick, MA).
At the beginning of measurement all subjects were asked to move the mandible into extreme positions (maximal opening, latero-and mediotrusion). Then, each subject (21 men, 30 women) took one bite of a hard food (nuts -H) and started to masticate. The same process was repeated with soft food (pastry -S). The size of the bolus varied by individual. There was no drinking during the whole experiment to prevent bolus softening or dilution. The path of the sensor was graphically expressed for each subject and for both measured motions (hard bite (H) and soft bite (S) (Fig. 3) . The each curve of the mandible movement trajectory was segmented into three phases (chopping, grinding and swallowing). The total duration of bolus mastication (hard -tH; soft -tS), the duration of each of three parts (t1, t2, t3) and the frequency of closing movements (f) were counted using these curves. Also peak amplitudes of masticating movement (in percent) in x, y and z-axis related to peak amplitudes of marginal movements (Amp H -nuts, Amp S -pastry) were evaluated for each patient.
All measured quantities were averaged; maximal, minimal and standard deviation (SD) values were calculated (Tab. 1 and 2). Data were analyzed using the gender and age variables. To analyze the dependence of measured quantities on age, participants were grouped according Time analysis of hard and soft bolus processing 
RESULTS
The chewing movements of 55 subjects with natural dentition were recorded. Owing to problems related to the sensor attaching to the front teeth, records of four subjects could not be used for the analysis. Therefore, statistic analyses were performed on the remaining 51 subjects.
The path of the sensor rigidly connected to the lower jaw was graphically expressed in all axes (x, y, z) for each subject and for each measured motion (hard bite -H, soft bite -S) (Fig. 3) . Curves of the mandibular movement trajectory showed that masticatory movements are markedly individual (Fig. 3, 4 and 5) . Many of the curves could be easily segmented into phases of bolus chopping, (Fig. 3, 4 and 5) . Conversely, some subjects chewed in the same manner most of the time (Fig. 4) . Also the bolus character infl uenced the trajectory of lower jaw movements (Fig. 5) .
Computed results (average, maximal and minimal values, SD) of particular quantities are shown in Table 1 . The average duration for the hard bolus processing was 28.0 s (SD -15.0 s), and for the soft bolus it was 21.9 s (SD ± 11.1 s). A minimal duration of the bolus processing was 7.8 s for the hard food and 6.6 s for the soft food; maximal durations were 78.0 s and 52.3 s, respectively. The frequency of closing movements (f) for both boluses was 1.5 (SD ± 0.5 for hard bolus, SD ± 0.6 for soft bolus).
Average and median value (in brackets) of amplitude of hard bolus (Amp H) was 56.79 % (55.69 %) in x direction, 35.94 % (33.48 %) in y direction and 66.18 % (55.63 %) in z direction. In the case of 8 patients peak values of marginal movements were exceeded (Amp H > 100 %). Removing these peak values for 2 patients in the x direction, 1 patient in the y direction and 8 patients in the z direction, led to a reduction in average (median) value to 54.90 % (54.35 %), 34.61 % (33.41 %) and 53.87 % (50.32 %) in the x, y and z coordinates. Time analysis of hard and soft bolus processing Average (median) value of Amp S bolus was 58.04 % (54.51 %) in x, 41.53 % (35.87 %) in y and 69.43 % (62.45 %) in the z direction. The peak values of marginal movements were exceeded (Amp S > 100 %) in the case of 1 patient in the x direction, 1 patient in the y direction and in the case of 9 patients in the z direction. Therefore the average (median) value was reduced to 57.04 % (54.26 %), 38.98 % (35.86 %) and 56.41 % (52.04 %) in the x, y and z directions.
The data shown above support the fi rst two hypotheses that the bolus character infl uences the process duration. The hard bolus was chewed signifi cantly longer than the soft one Σt(H) > Σt(S) (p= 0.001). Also, the duration of the each stage of hard bolus processing was longer than those for the soft bolus. This diff erence was statistically signifi cant for t1(H) > t1(S) (p = 0.005) and t2(H) > t2(S) (p = 0.025), but not for t3(H) > t3(S) (p = 0.064). The third hypothesis regarding the infl uence of the bolus character on the frequency of closing movements during the mastication (f(H) > f(S)) was not supported; the same average number was achieved for both types of boluses (Fig. 6) . Only during the swallowing phase, the frequency of closing movements was signifi cantly higher (p = 0.003) for the hard bolus than for the soft one. Neither gender nor age had any infl uence on either time or frequency of bolus processing, so hypotheses IV. and V. are not confi rmed.
DISCUSSION AND CONCLUSION
The results of this motion analysis confi rm data from a similar study 1 on the infl uence of individual chewing habits. The overall motion of the point in the defi ned coordinated system can be used to reconstruct the 3D motion. The design of the experiment using one marker as a mandible position-reading instrument suffi ciently served as detection of translational degrees of freedom. Three markers were used 1 in order to detect the rotational and the translational degrees of freedom, but rotational movements were not useful for the evaluation of the jaw movement parameters.
Exceeding the marginal movement values (Amp H, Amp S > 100 %) could be explained in 2 ways. First, some patients did not achieve the maximal limited position of marginal movements during the recording. Second, a slightly abnormal mandible movement during mastication was used, owing to the sensor placement. Both, sensor placement and unusual movements to the maximal limited positions could be alter naturally occurred motions 1 . Diff erent numbers of patients exceeding marginal movement's values for diff erent chewing patterns support both explanations.
The hypotheses that the bolus character aff ects the processing duration were confi rmed. The results show the individual variability in timing of the chewing maneuver, especially during the chopping and grinding phases. Comparing the levels of signifi cance for the duration of individual phases, there is a larger diff erence for the fi rst phase-chopping (p = 0.005) than for the grinding phase (p = 0.025).
The same frequency during mastication indicates that the bolus character does not infl uence masticatory movements. A signifi cant diff erence between frequencies was found during swallowing only and could refl ect the diff erent textures of pastry and nuts (fi ne particles) at the time of swallowing. Alternatively, this fi nding could have been infl uenced by salivation.
This diff erence between time and frequency is unexpected. It suggests that time and frequency of mastication closely correlate and that crushing food to the desired texture is controlled mostly by time of processing. Only when bolus is fi nally crushed, strokes with small and decreasing amplitude (Fig. 3, 4 , 5) allow higher frequency for chewing of hard bolus and therefore further time is unnecessary. It was also unexpected that both, gender and age did not infl uence time and frequency of bolus processing.
These fi ndings agree with the theory that mastication is a highly individual process infl uenced not only by anatomy, but also by a specifi c manner developed during life. Similar fi ndings were performed by Gerstner 1 . The observed decrease of the amplitude in cranio-caudal (opening, closing) movements support the hypothesis that the stage of the bolus processing infl uences the shape of the curve illustrating movement of the mandible and thus the direction of the actual chewing force. Computed trajectories agree with observations by Bhatka 4 that the center of lower jaw motion moves along an elliptically shaped curve.
Understanding masticatory development and physiological relationships are important in determining the principal anatomical direction during closing movements and the resultant direction of the loading during mastication. Such fi ndings can be used to plan treatment and to reconstruct defective dentition from a masticatory point of view, as well as to validate treatment procedures. Results can also aff ect the design and the usage of materials for the dental implants, their position in jaws and the shape of the occlusal surface of bridgeworks and dentures.
The information obtained in this pilot study suggest that masticatory movements vary by individual and that their relationship to the direction and the magnitude of the chewing force should be more precisely examined.
